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Abstract
The thesis entitled "Total synthesis of anti tumor agents Strongylodiols A-D and American Peanut Stilbene Phytoalexins" is divided into four chapters. 
Chapter 1: Introduction This is the introduction chapter and deals with a brief discussion on some the important anti tumor agents. Cancer is a group of disease characterized by the uncontrolled growth and spread of abnormal cells that invade and disrupt other tissues and spread to other areas of the body. If the spread is not controlled, it can result in death. Both external factors (for example chemicals, radiations and viruses) and internal factors (for example hormones, immune conditions and inherited genes) can be responsible for the development of cancer. Causal factors may act together or in sequence, to initiate or promote carcinogenesis. Ten or more years often pass between exposures or mutations and detectable cancer. Cancer is thought of as an unpredictable disease that strikes indiscriminately at rich and poor, thin and fat, old and middle aged, as if it usually owed nothing to external causes. If that were true, our only hope of overcoming cancer would be to improve the treatment of the disease. Most of the common kinds of cancer seems to be caused in large part by environmental factors; because we cannot alter the environment, those cancers are potentially avoidable. A large number of anti tumor agents have been mentioned in the literature which include taxols, epothilones, camptothecins, vinblastins, etoposides, eleutherobin, bryostatin, discodermolides, scytophycins etc. The list increases thousand times every day. Search for a new source, one that is most economical and possesses selectivity in action are few of the desired factors, which a common man look at. Polyacetylenes have been identified as a unique class of natural products possessing diverse biological activities such as antimicrobial, antifungal, antifouling, H + , K + -ATPase inhibitory, HIV inhibitory, immunosuppressive and anti tumor activities. Although acetylenes are not uncommon as components of terrestrial plants and are prevalent within compositae, it is only recently that biologically active polyacetylenes have been isolated from the marine sponges, Petrosia species and Strongylophora species, two very closely related genus. Chapter II: Total Synthesis of Strongylodiol A - D It deals with the first total synthesis of long chain polyacetylenic compounds, Strongylodiols A-D. A variety of long chain acetylenic compounds with remarkable biological activities have been found in marine sponges. Recently Iguchi et al isolated seven new cytotoxic long chain acetylenic alcohols, Strongylodiols A-D, (Figure 1), from the sponge of the genus strongylophora (class Demospongia,order Haplosclerida, family Petrosidae). Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a84_figureNO24.jpg" \t "_blank​) 
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These compounds were found to be the first examples of long chain acetylenic alcohols, each existing as an enantiomeric mixture with a different ratio. Although optically active natural products isolated as a racemic mixture have been frequently encountered, those isolated as an enantiomeric mixture with a different ratio are fairly limited. Interestingly, Strongylodiols A-D exhibited potent cytotoxic activity against human T lymphocyte leukemia (MOLT-4) cells. The high potent activity combined with their unique and challenging structure made these compounds an exciting target for total synthesis. This chapter is further divided into two sections. Section I: Synthesis of (R)-Strongylodiol A and (R)-Strongylodiol C Extending our research programme to the synthesis of biologically active natural products based on simplicity of the reactions and ready availability of starting materials we initiated studies directed towards the first total synthesis of these novel class of natural products. The retrosynthetic strategy for Strongylodiol A and C is illustrated in scheme 1. The key intermediates were chiral carbinols 26 and 32, which could be cross-coupled with 3-bromo-2 -propyne-1-ol, 15 through a Cadiot-Chodkiewiez cross coupling to afford the corresponding (R)-Strongylodiols. The chiral carbinols 26 and 32 were easily prepared using our own approach from chiral 2,3-epoxychloride obtained from 2,3- epoxy alcohols, which in turn were easily synthesized by the Sharpless asymmetric epoxidation of E-allyl alcohol. Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a84_figureNO26.jpg" \t "_blank​) 
Synthesis of (R)-Strongylodiol A: The detailed synthetic approach towards the synthesis of (R)- Strongylodiol A is depicted in scheme 2. Accordingly, 1,10-decanediol was mono brominated with 49 % aqueous HBr in refluxing toluene to give 1-bromo-10-decanol, 16 (85 %). The free hydroxyl functionality of 16 was protected as its THP ether using 3,4-dihydropyran with a catalytic amount of PTSA in anhydrous CH 2 Cl 2 to afford the compound 17 (98 %). Compound 17 was coupled with propargyl alcohol using LiNH 2 in liquid ammonia to yield the acetylenic alcohol 18 (85 %), which was reduced with LiAlH 4 in refluxing THF to furnish the trans- allyl alcohol 19 (95 %). The free hydroxyl functionality of 19 was protected as its MOM ether using MOMCl and DIPEA as base in anhydrous CH 2 Cl 2 to afford the compound 20 (95 %). The THP ether was selectively cleaved with PTSA in methanol to afford alcohol 21 (95 %), which was oxidized to aldehyde 22 employing IBX in DMSO-THF (80 %). Aldehyde 22 was subjected to non stable ylide Wittig olefination with nonyl triphenylphosphonium bromide in THF-HMPA and n-BuLi at -78 0 C to give the Z-olefin 23 (80 %). This generated the Z-stereochemistry at C-16 and C-17 of strongylodiol A. The MOM ether functionaliy of compound 23 was cleaved with 6N HCl in THF at 50 0 C to furnish the trans allyl alcohol 24 (90 %). The trans allyl alcohol 24 was subjected to Sharpless asymmetric epoxidation with (-) DET, titanium isopropoxide and TBHP in anhydrous CH 2 Cl 2 at -30 0 C to afford the epoxide 25 (95 %). Epoxy alcohol 25 was converted to chiral epoxy alcohol 26 (80 %), using TPP in refluxing CCl 4 . 2,3-epoxychloride 26 was subjected to our reaction conditions, i.e., LiNH 2 in liquid ammonia to give the chiral carbinol 27 (95 %). Our approach afforded this carbinol 27 exclusively as a single isomer in an excellent yield. The final step was the Cadiot - Chodkiewiez cross coupling of carbinol 27 with 3-bromo-2-propyne-1-ol to give (R)-Strongylodiol A (85 %). 
Synthesis of (R)-Strongylodiol C: Strongylodiol C differs structurally from strongylodiol A in having a methyl substituent at C-24. Accordingly aldehyde 21 was subjected to Wittig olefination with isodecyltriphenylphosphonium bromide in THF-HMPA and n-BuLi at -78 0 C to afford the Z-olefin 28 (80 %), with the required methyl substitution at C-24 of Strongylodiol C. The MOM ether functionality in olefin 28 was cleaved with 6N HCl in THF at 50 0 C to give the trans allyl alcochol 29 (90 %), which was subjected to Sharpless asymmetric epoxidation with (-) DET, titanium isopropoxide and TBHP in anhydrous CH 2 Cl 2 at -30 0 C to furnish the epoxy alcohol 30 (95 %). Epoxy alcohol 30 was transformed to 2,3 epoxy chloride 31 (80 %) by treating it with TPP in refluxing CCl 4 . Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a84_figureNO27.jpg" \t "_blank​) 
2,3 epoxy chloride 31 was subjected to our approach for the synthesis of chiral carbinols. Accordingly 31 was treated with LiNH 2 in liquid ammonia to afford the chiral carbinol 32 exclusively as a single isomer in an excellent yield (95 %). The final step was the Cadiot - Chodkiewiez cross coupling of the chiral carbinol 32 with 3-bromo-2-propyne-1-ol, to afford (R)- strongylodiol C in excellent yield (85 %, Scheme 3). Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a84_figureNO28.jpg" \t "_blank​) 
Section II: Synthesis of (R)-Strongylodiol B and (R)-Strongylodiol D This section deals with the total synthesis of Strongylodiol B and D. Strongylodiol B and D differs from strongylodiol A and C in having a triple bond between C-16 and C-17 instead of a cis double bond. Accordingly, a synthetic strategy was designed to create a triple bond between C-16 and C-17 (scheme 4). The rest of the synthetic strategy remained same as that employed for Strongylodiol A and C, with chiral carbinols 38 and 43 being the key intermediates desired for the synthesis of (R)- Strongylodiol B and (R)-Strongylodiol D respectively (scheme 4 and 5). Synthesis of (R)-Strongylodiol B: Synthesis of (R)-strongylodiol B began with aldehyde 22, which was treated with CBr 4 - TPP in anhydrous CH 2 Cl 2 at 0 0 C to afford the dibromoolefin 33 (90 %). 33 was treated with n-BuLi in anhydrous THF at -78 0 C to furnish the terminal acetylene 34 (92 %), which was alkylated with n-bromo octane to afford compound 35 (92 %). This alkylation created the desired triple bond between C-16 and C-17 of Strongylodiol B. The MOM ether functionality in 35 was cleaved with 6N HCl in THF at 50 0 C to furnish the trans allyl alcohol 36 (90 %), which was subjected to Sharpless asymmetric reaction protocol to give the epoxide 37 (95 %). Epoxy alcohol 37 was transformed to 2,3 epoxy chloride 38 (80 %), which was treated with LiNH 2 in liquid ammonia to furnish the key intermediate, chiral carbinol 39 exclusively as a single isomer in excellent yield (95 %). The final step was coupling of 39 with 3-bromo-2-propyne-1-ol according to Cadiot- Chodkiewiez coupling protocol to give (R)-Strongylodiol B (85 %, Scheme 4). 
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Synthesis (R)-Strongylodiol D: Strongylodiol D differs structurally from Strongylodiol B in having a methyl substitution at C-24. Accordingly terminal alkyne 34 was alkylated with iso nonyl bromide employing n-BuLi as base in refluxing THF to give compound 40 (92 %) with desired substitution at C-24. The MOM ether functionality in 40 was cleaved to furnish the trans allyl alcohol 41 (90 %), which was subjected to Sharpless asymmetric epoxidation protocol to afford the epoxide 42 (95 %). Epoxy alcohol 42 was converted to epoxy chloride 43 (80 %), which on treatment with LiNH 2 in liquid ammonia gave the chiral carbinol 44 (95 %). Chiral carbinol 44 was coupled with 3-bromo-2-propyne-1-ol, adopting Cadiot-Chodkiewiez coupling protocol to afford (R)-Strongylodiol D (85 %, Scheme 5). Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a84_figureNO30.jpg" \t "_blank​) 
The total synthesis of these four strongylodiols demonstrates a successful application of our earlier approach for the synthesis of chiral carbinols from chiral 2,3 epoxychlorides to the total synthesis of natural products. Chapter III: Total Synthesis of American Peanut Stilbene Phytoalexins Phytoalexins are low molecular weight, biologically active metabolites produced by plants as defense reactions to various exogenous stimuli. Peanuts produce stilbene phytoalexins (SPs) in response to fungal infection and UV irradiation. SPs inhibit fungal growth and spore germination of Aspergillus and Pencillium species. SPs appear to be involved in the resistance to drought induced preharvest aflatoxin contamination of peanuts. SPs are naturally produced in field damaged peanuts kernels, they possess biological activity against Aspergillus flavus Link and Aspergillus parasiticus Speare; invasion of peanuts kernels by A.flavus and A.parasiticus can occur under any conditions, but aflatoxins contamination does not occur until kernels lose the capacity for SPs production as a result of drought induced hydration. Aflatoxins are a group of secondary metabolites produced by A.flavus Link and A.parasiticus Speare. Major work has been done with aflatoxin B 1 , which is the most poisonous.This compound, in addition to its toxicity to a wide range of animals, is also teratogenic and carcinogenic. Studies done suggest that aflatoxin contaminated food may be a health hazard to man. Indeed, a positive association between aflatoxin ingestion and liver cancer in man has been found in many population studies in tropical regions of Africa, India, South-East Asia and Phillipines. Aflatoxin contamination of food has also been associated with kwashiorkor. Aflatoxins can occur in many food materials but peanut meal from tropical countries is one of the commodities most frequently contaminated. Originally it was thought that invasion of peanuts and aflatoxins production occurred mainly in storage, but it is now known that infection may occur before or during harvest. Ingham and Keen reported that kernels of American groundnuts accumulated cis and trans 4-isopentenyl resveratol (Arachidin-II), whereas Strange and Richards found that apart from this, American groundnut also accumulated three more stilbene phytoalexins, Arachidin-I, Arachidin-III and 3-isopentadienyl,4,3?,5?-trihydroxystilbene (IPD) (figure2). Motivated by the biological significance of these novel class of compounds, we initiated a study directed towards the first total synthesis of SPs as a part of our ongoing interest in the total synthesis of biologically active molecules.Apart from these four stilbenes phytoalexins, another three stilbenes analogues were designed (figure 3) and synthesized. Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a84_figureNO31.jpg" \t "_blank​) 
As revealed by their activity against the A.flavus and A.parasiticus produced secondary metabolite, aflatoxins, a major group of carcinogenic agents, these novel class of compounds are proposed to be one of the leading anti tumor agents. This chapter is further divided into four sections. Section I: Synthesis of Arachidin-IV and Arachidin- IV' This section deals with the total synthesis of proposed analogue arachidin IV and arachidin IV'. The retrosynthetic analysis shows that the key fragments are aldehyde 62, 74 and 80, which could be synthesized from a common aldehyde 57, which in turn could be obtained from commercially available 3,5-dihydroxy benzoic acid (Scheme 6). 
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The key fragment for the synthesis of arachidin IV and IV' was aldehyde 62. Accordingly, the synthesis of these two arachidins began with the synthesis of common precursor aldehyde 57, from commercially available 3,5-dihydroxy benzoic acid. The detailed synthetic strategy is depicted in scheme 7. Accordingly, 3,5-dihydroxy benzoic acid was selectively monobrominated at the 4 th position using bromine in water to give 4-bromo-3,5 dihydroxy benzoic acid 53 (80%), which was permethylated using anhydrous potassium carbonate and methyl iodide in dry acetone to afford methyl-4-bromo-3,5-dimethoxy benzoate 54 (98%). The ester was hydrolysed using LiOH in THF and water to give 4-bromo-3,5-dimethoxy benzoic acid 55 (95%).The acid was re-esterified to t-butyl ester 56 (90%) using t-BuOH and DBU in anhydrous DMF at 50 0 C after activation with 1,1?-carbonyldiimidazole. 
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Bromide 56 underwent rapid trans metallation with n-butyllithium at -78 0 C to afford the aryl lithium, which on trapping with DMF gave the aldehyde 57 (65%, Scheme 5). Aldehyde 57 was subjected to stable ylide Wittig olefination with (acetyl methylene) triphenyl phosphorane to yield the a, ? unsaturated ketone 58 (98 %), which was hydrogenated to give the ketone 59 (98 %). Compound 59 was subjected to Wittig olefination with methyl triphenylphosphonium bromide in THF at 0 0 C with n-BuLi as base to furnish the olefin 60 (90 %), which was reduced to alcohol 61 (95 %) with LiAlH 4 in THF at 0 0 C, followed by IBX oxidation with IBX to afford the aldehyde 62 (92 %, Scheme 7). Aldehyde 62 was subjected to Wittig-Horner olefination with 63 to furnish the trans stilbene 49a (65 %, Scheme 8). Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a84_figureNO34.jpg" \t "_blank​) 

Section II: Synthesis of Arachidin-II and Arachidin-II' This section deals with the synthesis of arachidin II and analogue II'. Synthesis of arachidin II and II' started with aldehyde 57 which was subjected to Wittig olefination with (Ethoxycarbonylmethyl) triphenylphosphrane to yield an a, ? unsaturated ester 65 (98 %). Compound 65 was hydrogenated to ester 66 (98 %) by catalytic hydrogenation. t-butyl ester was selectively hydrolysed in the presence of ethyl ester by TFA to afford acid 67 (90 %), which failed to give the expected alcohol 68 with diborane reduction (Scheme 10). As this approach was unsuccessful initiated the synthesis of these two stilbenes with copmpound 59. Compound 59 was treated with excess of LiAlH 4 in dry THF at 0 0 C to afford the diol 69 (98%). The primary hydroxyl functionality was selectively protected as its tert butyl dimethyl silyl ether using TBDMSCl and imidazole in anhydrous dichloromethane to afford the alcohol 70 (94%). Alcohol 70 was oxidized to ketone 71 (92%) using IBX in DMSO-THF, which was further subjected to Grignard reaction with methylmagnesium iodide in dry ether to yield the tertiary alcohol 72 (95%, Scheme 11). 
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The alcohol 73 was also obtained efficiently from 3,5-dimethoxy benzoic acid in three steps. Accordingly 3,5-dimethoxy benzoic acid was treated with potassium tertiary butoxide and n-butyllithium at -78 0 C in anhydrous THF followed by treatment with prenyl bromide to afford the alkylated product 76 (70%) in a single step. Acid 76 was esterified and reduced to alcohol 73 (90 %), which was oxidized to aldehyde 74 (scheme 13). The next step was to obtain the trans stilbene 47a and 51a from aldehyde 74. Aldehyde 74 was subjected to Wittig-Horner olefination with 63, obtained from triethyl phosphite and 4-methoxybenzyl bromide, to afford the stlbene phytoalexin 47a (Scheme 14). 
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Similarly 51a was obtained from aldehyde 74, by subjecting it to Wittig-Horner olefination with 64 (scheme 15 
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Section III: Synthesis of Arachidin- I and Arachidin- III Our approach towards the total synthesis of these two SPs started with aldehyde 54, which was subjected to Wittig olefination with iso-butyl triphenyl phosphonium bromide in THF employing n-BuLi as base to afford olefin 78 (90 %). Olefin 78 was found to be a mixture of trans and cis isomers in a ratio of 3:1. The mixture was isomerized to reduce the cis ratio. Olefin 78 was reduced to alcohol 79 (95%) using lithium aluminium hydride in dry THF at 0 0 C. The major isomer, trans olefin, was separated by column chromatography. Alochol 79 was oxidized to aldehyde 80 (92%) empolying IBX in DMSO and THF (92 %), which was subjected to Wittig-Horner olefination with 63 to afford the stilbene phytoalexin 45a (65 %, Scheme 16). Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a84_figureNO38.jpg" \t "_blank​) 
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Section IV: Synthesis of 3-isopentadienyl-4,3',5'-trimethoxystilbene (IPD) Synthesis of this novel phytoalexin started with commercially available 4-hydroxy benzoic acid, which was esterified to its methyl ester 82 and formylated selectively at 3-position using Duff's reaction condition to get the aldehyde 83 (45%). The phenolic hydroxyl was protected as its methyl ether using K 2 CO 3 and methyl iodide in refluxing acetone to give aldehyde 84 (98%). Aldehyde 84 was subjected to stable Wittig ylide olefination using (acetyl methylene) triphenyl phosphorane in benzene to afford the a, ? unsaturated ketone 85 (98%), which was once again subjected to Wittig olefination with methyl triphenylphosphonium iodide in ether at 0 0 C to yield the dienyl 86 (85%). The ester functionality in dienyl 86 was reduced with NaBH 4 and LiCl in ethanol and THF at reflux temperature to get the alcohol 87 (95 %), which was oxidized to aldehyde 88 (90 %) by IBX in DMSO-THF. Aldehyde 87 was subjected to Wittig-Horner olefination with 88 to afford the stilbene 51a (65 %, Scheme 18). 
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In summary this chapter describes the first total synthesis of the American peanut stilbene phytoalexins using a simple synthetic approach and easily available starting materials. The approach provides a useful entry to SPs, which could be major theraupetic agents in the treatment of aflotoxins caused cancers. Chapter IV: Single step transformations of PMB ethers to Bromides by CBr 4 -TPP Reagent System Selective protection and deprotection of hydroxyl functionality is an important process in multistep synthesis of complex natural products. The direct conversion of protected hydroxyl functionality to corresponding bromide is also a much desired process in a multistep synthesis as it increases the yield and efficiency of the synthesis. Among various hydroxyl protecting groups, the p- methoxybenzyl (PMB) ether is one of the most commonly used due to its stability towards a variety of reaction conditions and it can be selectively cleaved in the presence of benzyl ethers under mild conditions. A combination of CBr 4 and TPP is a versatile reagent system used for various transformations. Though the CBr 4 -TPP reagent system has been employed for the conversion of THP and silyl ethers to their corresponding bromides, it has never been used for PMB ethers. During the course of our studies directed towards the total synthesis of Strongylodiols B and D, a new class of long chain acetylenic alcohols, we desired to synthesize acetylene 92 from aldehyde 90 employing Corey's approach of CBr 4 -TPP reagent system to get the dibromoolefin 91 followed by elimination with n-BuLi to yield the acetylene 92 (Scheme 19). 
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An extensive literature survey revealed that though different methods are available for selective cleavage of PMB ethers, not a single report was cited wherein PMB ethers are converted to bromides in single step. Prompted by this serendipitous behavior of PMB ethers towards CBr 4 -TPP reagent system we decided to extend the scope of the reagent system to other substrates and establish its wider applicability. Generality and scope of this novel transformations are illustrated with several examples in Table 1.

